The role of various types of lattice flaws is discussed in their bearing on melting and crystal structure. Freezing-point determinations on lattices of a single molecule indicate the presence of such flaws in the crystals of poly methylene compounds. Freezing-point determinations on composite lattices of ketone + paraffin and ketone + ketone emphasize the importance of the rotation of the CO group for melting, and indicate that lattice holes are easily formed, without marked lowering of the freezing-point. Ordered composite lattices are formed when the number of holes does not exceed 12 % of all the methylene groups.
increase. In principle, it must be possible to explain the break up of a crystal to form liquid, in terms of these heat motions. Such an explanation emphasizes the mechanical aspect of melting, and defines the melting point as the temperature above which the solid no longer exhibits elastic resistance to a shearing stress (cf. Born 1939; Lucas 1938) .
Mechanical theories of melting are of particular interest in linking up the phenomenon with th a t of plastic flow in crystals. W ith the experimental evidence a t present available, however, the rather different approach from the standpoint of formal thermodynamics promises to give more detailed information on the relation between melting and crystal structure. On changing from solid to liquid, an assemblage of molecules increases its heat content, owing to work done against intermolecular attractions, and also increases its entropy, owing to increased freedom of motion in the liquid. At the melting-point, the free energy -T S of the liquid becomes equal to th a t of the solid. X-rays and other methods of investigation (e.g. Debye 1939 ) indicate th at both solid and liquid possess 'structure', and theories of melting aim at calculations of the heat content and entropy in terms of this structure (e.g. Lennard Jones and Devonshire 1939; Frank 1939; Irany 1939; Wannier 1939; Mott and Gurney 1939; Frenkel 1939) .
The present paper describes further experiments designed to throw fight on the relation between structure and melting in polymethylene lattices. As far as is known, the melting-points of long-chain paraffins and of their derivatives reach limiting values (convergence temperatures) as the chain length increases. The entropy and heat of melting appear to increase indefinitely with chain length (cf. Ubbelohde 1939). Since chemical means are available for introducing small perturbations in the lattice, effects can be investigated which might be much more difficult to detect in other compounds. For example, the data for the specific heat of octadecane (Ubbelohde 1938, referred to as (I) ) suggested th at a significant proportion of flaws might persist in the crystal in equilibrium, even below the meltingpoint. This would imply th at the mechanism of melting involves the dis semination of crystal flaws to such an extent th at the lattice can no longer maintain any kind of rigidity. Furthermore, the effects which result from the introduction of sheets of dipoles in the lattice (Oldham and Ubbelohde 19396, referred to as (II)) suggested th at torsional oscillations of the m ethy lene chains were a factor of some importance in determining melting. The investigations discussed below give fresh experimental support for the process of melting suggested in the earlier papers. They include detailed measurements of cryoscopic heats of fusion over a narrow range of tem peratures, and establish the existence of (ordered)* solid solutions of a new type, whose structure throws fresh light on the melting of polymethylene lattices.
Cryoscopic heats oe fusion of octadecane and dioctyl ketone
If the number of flaws in a solid increases rapidly towards the meltingpoint, the lattice energy of the crystal must show a corresponding decrease. I t might be expected th a t the liquid phase would not show changes of the same order of magnitude, and in this case there should be an appreciable drift in the heat change from solid to liquid, as the temperature of separation of the solid is lowered by the addition of impurities. The specific heat data for octadecane (I) suggest an increase in the heat of fusion of about 8 % over a few degrees fall in freezing-point. This should be detectable in careful determinations of the freezing-point depressions.
The effect of foreign molecules on this method of detecting premelting may be contrasted with their effect on specific-heat determinations. Foreign molecules may be distinguished according to whether they dissolve only in the liquid phase (Raoult impurities), or whether they dissolve fairly freely in the crystal as well as in the liquid phase. In specific-heat determinations, molecules dissolving freely in the crystal have only an indirect effect on premelting, whereas Raoult impurities can give rise to spurious specific heats owing to the production of liquid below the apparent melting-point.
[Owing to a numerical error, the possible effect of Raoult impurities was underestimated in (I) ; the figure of 11 moles % on p. 298 should have been 1*3 mole %. The other reasons for believing th at the specific-heat curves cannot be accounted for on the sole assumption of Raoult impurities are not affected by this mistake. A further point not previously mentioned in this connexion is th a t no two premelting curves can intersect if they are due to Raoult impurities, as can be seen by substituting different values of ATm in the equation A C = Lf ATM/A T 2.\ Determinations of the cryoscopic constant are a useful check on the specific-heat curves, since the importance of different types of foreign molecules is reversed. Small amounts of Raoult impurities initially present will not affect the slope of the freezing-point curve, and are immaterial. Impurities dissolving freely in the crystal are more serious, since it was found (II, p. 332) th at they lessen the apparent depression of the freezingpoint, and might mask a drift in the cryoscopic constant. From the experiments described below, it seems likely th at this type of impurity packs into the solid leaving holes, which dissolve some of the solute and thus lessen the depression of the freezing-point (equation (9)). In order to obtain significant values of AHf attem pts were made to keep the concentration [A^] of solute molecules in the crystals as low as possible, by carefully purifying the octadecane and dioctyl ketone, and by selecting as solutes molecules of such a shape as to make dissolution in the solid unlikely. In order to avoid uncertainties due to association, only hydrocarbons were used as solutes.
The equilibrium temperatures were measured on cooling the melts, using a calibrated micro-Beckmann thermometer. Reproducible results were obtained when the vessel containing the melt was insulated by an air gap from an outer bath kept within about 0-3° of the temperature of the melt, though no change in freezing-point could be detected when this interval was increased a t least to 1° C. The melt was stirred by a platinum ring actuated by a hollow glass rod, and it was found im portant to shield it from sunlight, or even from powerful electric lights, which appeared to have a marked effect in raising the temperature of polymethylene liquids. Addition of the solute was made in the form of small weighed pellets.
The values of the cryoscopic constant are calculated using the Hildebrand equation and applying the method of least squares. The weights of solute added were chosen so as to give successive depressions of about 0-030° in the freezingpoint of the melt, so th a t each temperature range corresponds with a Hildebrand equation smoothed from ten to twelve successive observations of the freezing-point (table 1) . The values may be compared with the average heat of fusion determined by a rougher method, over the range 50-0-47-0°, i.e. 13-7 kcal./mole (II, p. 331). Although a drift in the cryoscopic constant is suggested by these values, the effect is hardly sufficient to warrant an extension of the very laborious observations to other solutes. Premelting in octadecane might be expected to be considerably larger, owing to the fact th at the energy required to produce a flaw of a given type is considerably smaller in a hydrocarbon (see table 2). A confirmatory series of experiments was carried out using camphene as solute. These gave evidence of a corresponding drift, but as the solute was of doubtful purity the numerical values are not given.
In the experiments with naphthalene, a second crystal form of octadecane was twice observed to separate from the melt. Since the freezing-point was lower, this corresponds with a metastable phase which is probably identical with th a t previously described (Smith 1932; (I) , plate 294). A rough cryoscopic estimate of the heat of fusion gave 13-5 kcal./mol.
The interpretation of the above results depends on the validity of the Hildebrand equation, and of R aoult's law on which it is based. Although the range of application of Raoult's law has been criticized (Guggenheim 1937) , the good agreement with equation (1) obtained for certain pairs of molecules over a wide range of concentrations (see below, and cf. Hildebrand and Sweeny 1939) suggests th a t the observed drift in the heat of fusion is not due to a wrong application of Hildebrand's equation. The experiments are most simply interpreted on the view th a t a polymethylene lattice has an appreciable proportion of flaws in the solid state, in the neighbourhood of the melting-point. They do not, however, give any precise picture of what these flaws are like.
D efect lattices and melting
Simple types of lattice flaws have been suggested in the case of regular lattices of spherically symmetrical molecules (Wagner and Schottky 1930) . The heat content of the crystals increases when some of the molecules are removed from their equilibrium positions, and are either built on to the outside of the crystal, leaving 'holes' in the lattice, or are moved to interstitial positions, forming regions in the lattice where the repulsion energy is larger than the average. Diagrams illustrating these flaws are given in figure 11 or, 6. Owing to the fact th a t the crystal increases its entropy by the lack of order introduced, both types of flaw become more frequent as the temperature rises.
When there is no interaction between neighbouring flaws, a simple expression for the fraction n/N of defect sites in equilibrium a t any one temperature is n/N = e-E/2kT (Jost 1933) , where E is the 'hole en In a polymethylene lattice the energy per CH2 group is about I* 1 x 10-13 erg, and if it were possible to produce holes with this energy in a crystal of a normal octadecane as much as 30 % of the lattice might be defective near the melting-point. I t seems likely, however, th a t owing to the interaction of neighbouring sites in a crystal, 'co-operative' defects may be a t least of equal importance for melting, as isolated flaws. A more precise picture of such flaws is discussed below (cf. figure 11c) .
In order to test some of the possibilities experimentally, it was decided to investigate the melting of solid solutions of closely related molecules.
The melting of solid solutions. An exhaustive discussion of the formal thermodynamics of solid solutions, in equilibrium with their melts, would occupy undue space, but those aspects of the subject which are directly related to the present experiments can be briefly summarized. I t is sufficient to consider an equilibrium involving two components, whose mol fractions in the liquid phase are Nx, N2, and in a solid phase in equilibrium m , w At equilibrium, the partial molal free energy of either component must be the same in the solid and liquid phase, e.g. where H \ is the molar heat content of the pure liquid, and also
Gx -
where 8 \ is the molar entropy. W ith these assumptions, the only effect of the component 2 in the liquid phase is to increase the partial molal entropy of the first component by the 'm ixture' term -Neglecting changes in entropy and heat content due to changes of tem perature, equilibrium will be established between (pure) solid and melt a t a tem perature T such th a t
Gx = H x -T S X = [Hx] -T[ Substituting from the above equations and transposing T^S -E l o g^-I A ] ) = (4)
For the pure solid
Also

AHf = H \ -[HI] and AS = S \ -
where TM is the melting-point of the pure solid in the absence of the second component. Substituting in equation (4) and rearranging, it is seen th a t the above assumptions lead to the Hildebrand solubility equation
The experiments recorded in figures 9-10 show th a t when the pairs of components do not pack easily into a crystal lattice, so th a t solid solution is unlikely, this equation is obeyed in considerable detail, over the whole range of mixtures of long-chain compounds. When the components can pack with ease into a crystal lattice, solid solution occurs. There is no reason to modify equations (2) and (3) for the liquid phase, but the equations (5) have to be modified, in view of the fact th a t [N2] is no longer negligible.
The most obvious assumption is to write for the solid lattice, by analogy with the liquid, whose structure is not so very different,
and the solubility equation now becomes
When N2 = 1-Nx and [iV2] = 1 -[iVjJ are both small, R loge Aj/ITV approximately equal to
so th a t equation (9) corresponds with equation X X (19) given by Lewis and Randall (1923) . A comparison of this equation with experiment shows, however, th at the assumptions from which equation (9) is derived cannot apply when the extent of solid solution is large. For example, in mixtures of n . hexadecane with n .hexadecene-1 (Langedijk and Brezesinska Smithuysen 1938) , i/[A \]~0-98 for hexadecane when ~0-8, so th a t there would be practically no depression of freezing-point according to equation (9). In actual fact, the freezing-point in ° K is found to obey very approximately a linear equation of the form T = NxTMi + NzTMt = 290-9 -13-8^.
Similar equations are found to apply to other pairs of components with closely similar molecules, such as polymethylene hydrocarbons (Piper, Chibnall, Hopkins, Pollard, Smith and Williams 1931) and molecules built up from isotopic atoms (e.g. Kruis and Clusius 1938) .
The interest of such mixtures for theories relating melting with crystal structure is th a t the mixture term -R loge [Nx] does n on melting to have more than a subordinate effect on the equilibrium temperature. I t has to be assumed th at in composite crystal lattices the H2] , and especially the entropy of the
, show a dependence on structure which is not allowed for in equations (8). To a first approximation, the entropy of mixing can be neglected altogether, and a plot of freezing-point against composition of the melt can be regarded as giving direct information on the relation between melting and structure. Various uses of this result are illustrated by the experiments described below.
Rotational factors in the melting of polymethylene lattices. A convenient type of lattice for investigating the relation between structural flaws and melting is th a t of polymethylene chains with a single CO group. The crystal structure of these compounds is frequently simpler than th a t of the corre sponding paraffins, and can briefly be described by stating th a t the polymethylene chains lie parallel in the crystal, normal to the planes separating successive layers, and th a t the dipoles form sheets extending throughout the crystal. Owing to the fact th a t the polymethylene chains are not indefinitely long, the location of these sheets of dipoles with respect to the ends of the chain has a characteristic effect on the freezing-point (II), but if extreme cases are excluded their introduction into the lattice of heptadecane raises the freezing-point from about 295 to 314° K, and in creases the entropy change on fusion from about 34-0 to 40-4 cal./mole/deg. (A similar comparison between C18H360 and C18H 38 is hampered by the different crystal structure of pure octadecane.)
When these layers of CO dipoles completely replace the corresponding CH2 groups, they contribute an additional energy of about 5-3 kcal./mole or 3-7 x 10~13 erg per dipole. A rough picture of melting in this lattice would be th at as the temperature is raised, a t first a few dipoles begin to rotate, and that, owing to the resultant weakening of the co-operative field, the number rotating rapidly increases. The average attraction energy of freely rotating dipoles becomes comparable with th a t of CH2 groups, so th a t when the dipoles are freed by rotation the lattice flaws correspond with those of heptadecane, and the crystal melts.
W ith this picture, the effect of tem perature on the ketone lattice could be imitated by packing paraffin molecules of the same chain length into the crystal. These paraffin molecules would correspond with the rotating molecules in the lattice of the pure ketone. The first few would have little effect on the melting-point, but as the co-operative field is weakened by the addition of more paraffin molecules an almost catastrophic increase of freedom must be reached a t a critical concentration of the paraffin. On the other hand, if ketone molecules are packed into a paraffin lattice whose molecules are of the same chain length, they would not be expected to affect the melting-point appreciably until their concentration is high enough to lead to a co-operative field.
This picture of the melting of these composite lattices corresponds in some detail with the experimentally determined freezing-point curves of ketone/paraffin mixtures (figure 1). Throughout the series, experimental points are joined by broken lines. The Hildebrand freezing-point curves (continuous lines) which would apply if there were no solid solution have been included for comparison, and were calculated from equation (7), using previously published data (II, p. 331). The fact th a t solid solution takes place can be inferred from the freezing-points, which lie above the Hildebrand curves. On the basis of equation (9), [iV2]/A2~0-75 for small concentrations of ketone in paraffin, and for small concen trations of paraffin in ketone. These are probably lower limits, but the amount of material was insufficient to estimate the ratios by an independent method.
From figure 1, it will be seen th at for the ketones C17H 340 (n -3, 4,5, 6) the co-operative field appears to become significant at a concentration of about 30 dipoles %, whereas for C17H 340 8) the critical concentration is about 15 %. Both these estimates are necessarily very rough. The method of obtaining these curves is given below.
Defect flaws in the melting of polymethylene . The simplest way of regarding a composite lattice is to start with pure crystals of one Component, say n . C17H 36, and to imagine what happens when a number of molecules are removed from the crystal, and are replaced by molecules of closely similar structure. Ju st as in the examples discussed for spherically sym metrical molecules (Wagner and Schottky 1930) , two main types of flaw will result in the composite lattice. When the added molecule contains more methylene groups than the number removed, or when it contains side chains such as (CH3)2CH.(CH2)13CH3, it will only be possible to pack it into the lattice of n . C17H 36 by using the interstitial space, producing a considerable bulge in the regularity of arrangement. The energy associated with such 'interstitial' defects must be fairly high. Both theory and the experiments recorded below show th at this type of composite lattice is difficult to realize. On the other hand, when the added molecule contains fewer methylene groups than C17H 36 it can be packed into the crystal lattice leaving holes, whose energy is less than 1*1 x 10-13 erg per missing group. A wide range of structures with such holes can readily be prepared (e.g. Piper et at. 1931, Langedijk and Brezesinska Smithuysen 1938) . I t should be noted, however, th a t a paraffin such as C14H 30 could be moved anywhere along a vacant space in the lattice of C17H 36, since the energy difference for three missing CH2 groups will not vary greatly w ith the way the holes are distributed a t the ends of the foreign molecule C14H 30. 1 1 1 1 1 1 1 1 1 1 ■ 1 1 a e 1 1 1 1 ■ a a 1 1 1 1 1 laaaaaaaaaiaaaaaaaaiioiiiaaaifa aaiiaiiiaiiBaiiaaaaaiiiaaaiiiaa In order to obtain composite lattices with a more definite arrangem ent of defects, it was decided to ' anchor ' the foreign molecules by working with mixtures of long chain ketones. The probability th a t the foreign ketone will have its CO group in the dipole sheet of the parent lattice can be estimated from the association energy to be about e5300^7 ~ 5 0 0 0 : 1. On this basis, various classes of defect lattices can be formed.
Defect lattices with one hole 'per foreign molecule. As is illustrated in figure 2 , composite lattices of this type can be realized by packing together any one of the ketones C18H 360 (n = 2 ,3, 4, 5,6,7 or ketone of the series C17H 340 , for example by combining (C3H 7)COC14H 29 with (C3H 7)COC13H 27, and so on. The methyl ketones have a different structure and cannot be used in the same way. 
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The experimental results for the freezing-point curves are given in figures 3 and 4. I t will be noted from figure 3 th a t when the solid separating corresponds with C^H^O , the experimental points agree closely with the moles % C18H 360 moles % C18H 360 Hildebrand freezing-point curve on the left of the diagram. This indicates that, as previously stated, the longer chain, C18H 360 , is difficult to pack into the lattice of the shorter ketone; the extent to which solid solution is formed is negligible. On the other hand, when the solid separating corresponds with C18H 360 (on the right of the diagram), the freezing-point curves lie above the Hildebrand curves. This indicates th a t considerable solid solution of the shorter chain can take place in the crystal of the longer chain, thus forming a lattice with holes.
In addition to this defect lattice, in which the holes are presumably distributed a t random, it will be seen th a t a series of ' compounds i.e. ordered solid solutions, are formed. Although compounds with non-congruent melting-points or with a melting-point maximum have been reported for a number of other long-chain molecules {Annual Reports Ghent. Soc. 1939) , in previous examples the associating group has always been a t the end of the chain, so th a t it would be possible to pack the molecules in layers, w ithout leaving any defects in the composite lattice. The present series is of par ticular interest in th a t the associating group is in the middle of the chain. For reasons discussed below, it has not yet proved possible to obtain X-ray spectrograms of these composite lattices, bu t it seems likely from energetic considerations th a t the molecules are packed so as to give an orderly arrange ment of defects, in which the energy per hole is reduced by co-operative action.
The range of stability of this ordered lattice is of interest. When the percentage of longer molecules is increased from 50 % to no more than 55 %, it becomes less stable than the (disordered) solid solution of C17H 340 in C18H 360 , whereas the percentage of shorter molecules can be raised from 50 to 75 % before the composite lattice becomes less stable with respect to the melt, than (pure) C17H 340 . This again emphasizes th a t it is com paratively easy to produce defect flaws in polymethylene lattices, but not to pack interstitial groups.
A further point which is suggested, but not completely proved, by the present data, is as follows. Under comparable conditions, the entropy change on melting the ordered solid solution must be greater than th a t on melting the random solid solution of the same composition. Since the temperature of melting is given by TM = AHfjA8f, the heat of fusion of the ordered lattice in the neighbourhood of [Aj] = 0*5 must be larger than th at of the random composite lattice, i.e. there is a co-operative action between lattice flaws which lowers their energy below th at of a random arrangement. This conclusion is so important th a t further experimental evidence seems desirable. At present, the amounts of material available have been in sufficient for direct determinations of the heat of fusion; information on the structure of the compounds might also be obtained by X-ray methods, but it has not yet been possible to obtain exposures in a sufficiently short time (see below).
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Defect lattices with two or more holes per foreign molecule. Assuming th a t the CO groups tend to remain anchored in a composite ketone lattice, a number of different packing combinations can be realized which have more than one hole per foreign molecule. For example, two holes can be distributed with respect to the ends of the chain either 1-1 or 2-0. The arrangement 1-1 has been investigated by mixing molecules of different chain length, C7H 15COC7H 15 + C8H 17COC8H 17 (figure 5). I t can also be realized by mixing ketones of the same chain length. Only the pair C17H 340 (n = 4t+ n = 5) is shown in figure 6 , but other pairs have been investigated and show corresponding behaviour.
In both combinations, the normal freezing-point curve closely follows the Hildebrand equation. This indicates th a t any composite lattices which might separate have a lower freezing-point than the pure crystals through out the whole range of compositions of the melt. Such a result might have been expected from the larger energy required to produce two holes in the lattice per foreign molecule. In all three types of mixture it has, however, been possible to study the freezing-point curves of (metastable) defect lattices, as indicated by the moles °/q F igure 7. Freezing-point curve of composite lattice C15H30O (n = 7) + C17H340 (n = 7). Flaws 2-0.
broken curves. By analogy with the preceding curves, the side branches in figures 5 and 6 would correspond with the freezing-points of random solid solutions, and the lower cross branch the freezing-point of an ordered composite lattice with two defects per foreign molecule. The fact th a t the side branches of these metastable curves are depressed below the Hildebrand curves for the pure ketones indicates th at the metastable lattices separating have a lower heat of fusion. The arrangement 2-0 has been realized by mixing the molecules C7H 15COC7H 15 and C7H 15COC9H 19 (figure 7), and again gives evidence of g-point (° C the separation of (metastable) defect lattices, including an ordered solid solution whose stability is greater than th a t of the random solid solutions over a considerable range of compositions. Details of the occurrence of these metastable phases are given below, but it may be stated here th a t their limited life before recrystallization sets in has so far precluded the investigation of their structure by X-rays. The investigation of combinations of ketones which would pack with more than two holes per foreign molecule showed th at the melting-points of such composite lattices are so much lower than the Hildebrand curves, th at they are difficult to realize experimentally. The prolongation of the solubility curve of C8H 16COC9H 18 beyond the eutectic in figure 8 is note worthy. This crystallization of a metastable phase seems fairly common in polymethylene lattices (cf. other examples in this paper, and Keffley and states (cf. (Ill)), and its frequent occurrence is probably connected with the large entropy change on freezing these melts. Figure 8 also shows how closely the combination 4-3 obeys the Hildebrand equation, and figure 9 illustrates the results for the combinations 2-2 and 4-4.
moles % F igure 10. (a) isoAmyl C6H uC0Cu H 21 + C17H340 (6) isoAmyl C5H 11COC11H ll + C17H340 (n = 5). (c) isoAmyl C5H11COC11H 21 + C17H36.
Finally, the curves of figure 10 were obtained for the isoamyl ketone, CgHjjCOCuHa!, in order to investigate its behaviour when mixed with other molecules wrhich were unlikely to pack into a composite lattice owing to interstitial repulsions. Comparison of the experimental points with the Hildebrand curves shows th at solid solution is negligible between this ketone and C17H 340 (n-8). The isoketone dissolves to a the lattice of C17H340 (n= 5), but not vice versa. I a measurable extent in the lattice of C17H36, but not vice versa. All these examples can be summed up by the statement th at interstitial flaws are difficult to produce in these lattices.
Cryoscopic data
Owing to the necessity for economy in the use of materials, the majority of the freezing-point curves were determined by a previously described method (II, p. 330) . New cryoscopic data are recorded in table 3. These data were obtained for compounds prepared and purified by tested methods (II; Oldham andUbbelohde 1939a), though the purity of the products could not be verified as fully as in the series C17H 340 . This might mean th at the above values are too high, owing to the spurious rise in cryoscopic heats of fusion when homologues favour solid solution (cf. II, p. 332). A comparison with other data is nevertheless of interest for theories of the relation between melting and crystal structure. Thus the introduction of one isomethyl group in C17H 340 lowers the entropy of fusion by about 6*6 units, and the heat of fusion by about 2 x 10~13 erg per molecule. Again, the ketone C18H 360 (n = 5) has an entropy of fusion some 5-2 units greater than C17H 340 (n = 5). This increase is considerably greater than the difference per CH2 group for homologous 'vertical' paraffins (Garner's formula gives about 2 entropy units per CH2 group). Finally, the ketone C7H 14COC7H 14 has an entropy of fusion about 5*5 units lower than the ketone C8H 16COC8H 16. Life of metastable phases. As a preliminary to X-ray investigations, it was necessary to determine the stability of the composite lattices whose formation had been detected from the freezing-point curves. Although the X-ray investigations have been deferred, the nature of the results may be briefly indicated.
Using the technique described in (II), a sealed tube containing a melt of the appropriate composition was quickly cooled to produce a small quantity of solid. In the case of the metastable phases this solid had a transparent 5-2 appearance quite different from th a t of the pure ketones. The persistence of this solid was tested by plunging the tube into a bath maintained a t various temperatures. The freezing-point curves mark upper tem perature limits above which the phase would not persist. Some practice is required to obtain good results, which depend in part on the slow growth of solid from liquid near the freezing-point. In the case of metastable lattices, the solid was found to melt freely above the tem peratures indicated by the broken curves, provided the tube was not kept too long a t a lower tem perature before testing the persistence. If a critical period was exceeded, then on plunging the tube into the testing bath only partial melting of the solid took place and was immediately followed by hazing and resolidification of the contents. When this happened, melting could not be completed till the testing bath was raised above the Hildebrand temperature for the melt. The critical life of the metastable lattice limits the experiments which can be performed to elucidate its structure. Typical results are reproduced in table 4. In this table, the third column indicates the temperature of the testing bath, above the observed freezing-point, and the fourth column the tem perature at which the tube was maintained in order to measure the life of the phase. These and other experiments showed th at this life decreases rapidly with increasing cooling below the freezing-point, and also as the composition of the solid departs more and more from the 1 : 1 ratio.
Discussion
The main conclusions from the experiments are: (1) In cryoscopic determinations of the latent heat of fusion near the melting-point of the pure compound, a drift of about 9 % is observed for octadecane, and a drift not exceeding 3'5 % for dioctyl ketone.
(2) Freezing-point curves for mixtures of a ketone with a paraffin of the same chain length indicate th at whereas ketone molecules can pack freely into the paraffin lattice, without much affecting the transition tem perature from solid to liquid, the paraffin molecules at first pack with some difficulty into the ketone lattice. Beyond a limiting concentration of paraffin there is a 'catastrophic ' breakdown, comparable with th a t which occurs on melting a ketone.
(3) Freezing-point curves for pairs of closely related ketones indicate th at both ordered and random defect lattices are much more readily formed than solid solutions with interstitial groups. When the number of holes does not exceed two per foreign molecule, or 12 % of all the methylene groups, ordered solid solutions are formed whose maximum melting-point is not very different from th at of the next lower ketone. When these ordered composite lattices are metastable, their life diminishes rapidly on cooling below the freezing-point, or on varying the composition from the 1 : 1 ratio.
From these conclusions it is possible to make the following inferences:
(1) The cryoscopic data support the previously made suggestion th a t for octadecane lattice flaws must make an appreciable contribution to the lattice energy in the neighbourhood of the melting-point. This implies th a t the whole of the structural entropy change on passing from solid to liquid does not take place at one temperature. The present experiments do not exclude the possibility of an isothermal entropy increase at a true melting 'point', in addition to the gradual increase up to the melting-point; in fact, they are most readily interpreted on this basis. Furthermore, the cryoscopic data on octadecane do not decide what type of crystal flaw is chiefly responsible for melting.
(2) The cryoscopic data on ketones lead to a more definite picture of lattice flaws of importance for melting. Composite lattices of a ketone with a paraffin of the same chain length behave in a way which indicates th at a rotation of the CO group favours melting. Composite lattices of pairs of ketones of closely similar structure behave in a way which indicates th a t holes are readily formed in polymethylene lattices. The waxiness of these compounds may be connected with this property.
On this basis, a paraffin lattice such as octadecane might begin to increase its structural entropy by forming lattice holes. Isolated holes could only be formed in sequences parallel to the long axis of the molecules, but the behaviour of ordered defect lattices strongly suggests th at a crystal can lower its lattice energy by grouping its thermal flaws into a co-operative system. A single crystal traversed by such a network of co-operative flaws would not differ appreciably from the crystal mosaic familiar to X-ray spectroscopists. An extreme statem ent of a micelle theory of melting would compare the phenomenon with a sol-gel transition in which the micelles were crystalline, and in which the intermicellar molecules could be built into the crystalline pattern a t lower temperatures. In certain organic crystals the energy required to produce flaws may become so small th a t the physical properties are visibly affected (cf. perhaps the short-lived tra n sitional phases in C32H 66; Seyer and Morris 1939) and certain infra-red absorption spectra near the melting-point (Taschek and Williams 1939) .
Melting and the mechanical properties of solids
The view th a t therm al flaws of a co-operative kind are a necessary feature of crystal lattices in thermodynamic equilibrium (cf. I) receives additional support from the examples of co-operative defects described in this paper. Owing to the relatively slow attainm ent of equilibrium in co-operative systems (III) it is difficult to make sure th a t any crystal as actually observed has reached a state with the true minimum of free energy. Nevertheless, it simplifies the problem to discuss what would be observed if it were possible to realize the crystal lattice with minimum free energy, right down to 0° K. Crystal flaws can then be classified according to their contribution to energy and entropy terms in the expression for the free energy.
Contributions to the energy at 0° K. The possibility cannot be neglected th a t at 0° K a mosaic or lineage structure may have a smaller heat content than at infinite perfect lattice. Various suggestions do not seem to be admissible (cf. Buerger 1934), but effects connected with the zero-point energy may still be of importance. For example, a formal analogy between the reflexion of electrons and X-rays by ordered arrangements of atoms (cf. Mott and Jones 1936 ) may extend to their behaviour with regard to a crystal mosaic. For X-rays, the result of breaking up a perfect crystal into a mosaic (Darwin 1914 (Darwin , 1922 Compton and Allison 1935) is to increase the range of wave-lengths which cannot penetrate appreciably into the lattice, owing to Bragg reflexions. A similar effect for the electron waves within a crystal would widen the range of forbidden energies in the case of a mosaic. For crystals with-comparatively wide energy bands, such as metals, the modification in lattice energy on forming a mosaic, due to this change in the bands, might be sufficiently important to make it the most stable crystal structure at 0° K. On this basis it might be possible to account for the plasticity of £ single crystals ' of metals a t 0° K, and to explain such phenomena as the limiting size of crystallites on plastic deformation (Wood 1939) , and the fact that the tighter binding of a cold worked metal is in parallel with the increased scattering of electron waves (i.e. the electrical resistance) at 0° K.
The reason for including a discussion of possible crystal flaws a t 0° K in dealing with melting is th at whereas raising the temperature increases the proportion of thermal flaws, as mentioned in the next section, an approach towards 0° K may increase the flaws due to zero-point energy effects, so th a t certain crystals would never exhibit perfect lattices when in equilibrium (cf. perhaps the case of Na, Dawton 1937).
• Contributions to the energy and entrojpy at higher temperatures. In addition to possible energy effects at 0° K, certain lattice flaws must exist in equi librium at higher temperatures, owing to the increased entropy of the crystal when they are present. Figure ll' d illustrates the formation of isolated holes in a lattice, and figure 116 the packing of atoms in the inter stices (for these lattice flaws cf. Wagner and Schottky 1930) . Figure 11c illustrates how the co-operative flaws in a mosaic lattice combine the characteristics of both types of isolated flaw. Since the mutual potential energy of atoms is governed by an expression in which the repulsion energy changes much more rapidly with distance than the attraction energy, the mosaic has been drawn so as to make a decrease of interatomic distance comparatively rare. On this view, the average density of a mosaic should be smaller than that of perfect regions within it. I t will be clear from the diagram th a t the flaw energy per atom can be made much smaller in a co-operative flaw than in isolated flaws. On the other hand, a co-operative action between lattice defects must lessen the number of ways in which they can be selected in the crystal, and must thus lessen their contribution to the entropy. Qualitatively, the result will be th a t although co-operative flaws can become im portant in the crystal a t lower temperatures than iso lated holes, they may not increase as rapidly with rising temperature.
Lattice flaws and melting. The conventional treatm ent of melting from the standpoint of the phase rule is most conveniently discussed in terms of the thermodynamic potential G a t constant pr greater for the liquid than for the solid phase below the melting-point. The G, T curves for solid and liquid have no necessary connexion with one another, so th a t they cut a t a sharp angle at the melting-point Tm. The entropy change A S = dGs jdT -d G and the A V = -dGs/dP + dG JdP occur isothermally at T yi, and a p property such as the heat content against the temperature would show an abrupt change at the melting-point.
This conventional treatm ent cannot be regarded as experimentally verified. Even for quite simple lattices experiments do not show th a t melting is complete at a melting 'point '. For example, the volume change on melting specially pure mercury (Smits and Muller 1937) takes place over a range of 0*024°. This can no doubt be explained on the usual assumption of Raoult impurities, but might equally well be due to the fact that a sharp phase change is in reality a phase change ' of the second kind ' taking place over a sufficiently narrow range of temperatures. The m athe matical treatm ent of the two processes (Rutgers and Wouthuysen 1937) is so similar th at the experimental foundation of the phase rule requires careful verification. I t would be rash to attem pt a reformulation without further experimental information as to what actually happens in the transition from solid to liquid, but some of the peculiarities of fluctuations in co-operative systems must be of importance (cf. I ll , and Ubbelohde i9 3 7 6> P* 300)* If co-operative lattice flaws are of importance for melting, as is suggested in this paper, it seems difficult to believe that the solid-liquid transition can be entirely free from hysteresis, though it might be difficult to detect. The subdivision of a crystal lattice into a micellar aggregate, by a network of such flaws, may perhaps be regarded as a more concrete formulation of 'heterophase fluctuations' (Frenkel 1939; Brody 1939) .
Experimental details of preparation and pur ification
Octadecane. In order to have a check on the absence of homologues, this hydrocarbon was prepared in two independent ways: (а) Octadecyl alcohol (Th. Schuchardt) was recrystallized from ethyl alcohol, and then from acetone. W ith each solvent, recrystallization was continued until the setting-point of the substance recovered, on evaporating the mother liquors, converged to within ±0*1° of the setting-point of the crystals. Essentially, this method of testing for purity uses the fact th at with a suitable solvent the partition coefficient of an impurity between mother liquor and crystals can be much greater than unity. The limiting value of the setting-point of the crystals (57*9 ±0-1°) was reached one or two operations sooner than this convergence point, and is thus a less stringent test. The purified alcohol was then converted to ic dide, which was recrystallized in a similar manner from alcohol and acetone (limiting freezing-point 33*0 + 0*1°), and was then converted to hydrocarbon and purified as previously described (Oldham and Ubbelohde 1938) . The final setting-point of a sample prepared in this way was determined by immersing a calibrated micro-Beckmann thermometer in the melt, and was 28*021 + 0*005° (Smith 1933 gives melting-point 28*02°). The chief impurities in this sample would be traces of closely similar hydrocarbons, and of C36H 74, which might form solid solutions.
(б) In order to have a comparison sample without these impurities, octadecane was also prepared from nonyl iodide by a modified Grignard synthesis (Oldham and Ubbelohde 1938) . Nonyl alcohol (Th. Schuchardt) was converted to th e p . dinitrobenzoic ester by heating with the acid chloride at about 110° C in a large flask. This ester was recrystallized from petroleum ether, from alcohol, and from glacial acetic acid, using the convergence test, till a limiting setting-point was reached of 48*0 ± 0*1°. The ester was then converted back to nonyl alcohol, and then to iodide. The object of this circuitous process was to eliminate chain lengths closely similar to octadecane at the half-way stage, where the difference in physical properties is more pronounced, and hence the purification more definite. The nonyl iodide was then 'doubled' by the Grignard method. The product after fractionating in vacuo was treated with Nordhausen acid, and recrystallized from alcohol and acetone, using the convergence test. It was then again treated with Nordhausen acid, followed by cone. H 2S0 4 and water, in order to remove any traces of organic solvents which might be retained in the lattice. This precaution was adopted since it was observed th a t when a paraffin is recrystallized from CC14 the crystals give a positive test for chlorine for a considerable time, probably because the CC14 is retained in holes in the lattice. Finally, the octadecane was fractionated vacuo. The final setting-point on immersing a calibrated micro-Beckmann th er mometer was found to be 28-096 ± 0-005°. Only this sample was used in the cryoscopic experiments. Its homogeneity of chain length was confirmed by the fact th at two further treatm ents with Nordhausen acid (to remove added solutes) followed by purification gave final products with the settingpoints 28-095 ± 0-005 and 28-090 + 0-005.
Dioctyl ketone. Owing to the comparatively large amounts required, this compound was prepared by distilling zinc pelargonate vacuo a t about 420° C. The distillate was dissolved in benzene, and washed with alkali and water. Esters were removed by boiling with alcoholic NaOH, and the product was fractionated in vacuo (178-180°, 5 mm.) obtained in this way was recrystallized from alcohol and acetone, using the convergence test. The final setting-point measured with a calibrated micro-Beckmann thermometer immersed in the melt was 50-230 ± 0-005°.
Other ketones were prepared by previously described methods, and were recrystallized from alcohol and acetone till the freezing-point of the crystals converged to within +0-1° C with th a t of the more soluble fractions.
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